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We discuss the inflationary dynamics of a system with a non-minimal coupling between the Higgs and the Ricci
scalar as well as a Ricci scalar squared term. There are two scalar modes in this system, i.e. the Higgs and the
spin-zero mode of the graviton, or the scalaron. We study the two-field dynamics of the Higgs and the scalaron
during inflation, and clarify the condition where inflation is dominated by the Higgs/scalaron. We also find
that the cut-off scale at around the vacuum is as large as the Planck scale, and hence there is no unitarity issue,
although there is a constraint on the couplings from the perturbativity of the theory at around the vacuum.
I. INTRODUCTION
After the observation of the cosmic microwave background
(CMB) anisotropy, inflation plays a central role in the mod-
ern cosmology. It is usually assumed that inflation is caused
by potential energy of a scalar field, or the inflaton, but there
is no candidate within the standard model (SM). Hence we
need to go beyond the SM to cause inflation. Among a va-
riety of such inflation models, the Higgs-inflation [1–3] and
the R2-inflation [4–7] models are intriguing because of their
minimality as well as consistency with the CMB observation.
In the Higgs-inflation model, the SM Higgs boson plays the
role of the inflaton thanks to a large non-minimal coupling to
the Ricci scalar. In the R2-inflation model, a spin-zero com-
ponent of the metric (or the scaralon) obtains a kinetic term
and plays the role of the inflaton once we introduce a Ricci
scalar squared term in the action. It is known that both models
predict a similar value of the spectral index which is in good
agreement with the Planck observation [8]. It is also attractive
that both models predict the tensor-to-scalar ratio that may be
detectable in the future CMB experiment (CMB-S4) [9].
In the actual analysis of these models, it is sometimes as-
sumed that the Higgs or the scalaron is the only scalar degree
of freedom during inflation. In reality, however, the Higgs
must always be there even if we consider the R2-inflation
model. In addition, if we consider the Higgs-inflation model,
the large non-minimal coupling of the Higgs to the Ricci
scalar may radiatively induce a large Ricci scalar squared
term [10, 11] that makes the scalaron dynamical as well.
Hence it is more realistic to consider the dynamics of both
the Higgs and the scalaron simultaneously.♠1 In this paper
we will thus study the Higgs-scalaron two-field inflationary
dynamics,♠2 and derive the parameter dependence of the in-
flationary predictions in our system. We will clarify the quan-
titative condition where inflation is dominated by the Higgs or
the scalaron. In addition, we will address the unitarity struc-
ture of our system, which is much different from that of the
♠1 A similar study with an additional scalar field instead of the scalaron with a
non-minimal coupling to the Ricci scalar has been performed in literature.
See, e.g. Refs. [12–21] and references therein.
♠2 An analysis in this direction is also performed in Ref. [10, 22] although
some aspects we discuss in this paper such as the unitarity/perturbativity
and the implication of the electroweak vacuum metastability are not ad-
dressed there. See also Refs. [23–28] as other treatments.
Higgs-inflation.
The organization of this paper is as follows. In Sec. II, we
discuss the inflationary dynamics of the Higgs-scalaron two-
field system. We first study the dynamics analytically, and
later confirm it by numerical calculation. In Sec. III, we study
the unitarity structure of this system. We find that the cut-off
scale of our system is as large as the Planck scale, which is
similar to the case of the R2-inflation rather than the Higgs-
inflation. In Sec. IV, we concentrate on the dynamics of the
Higgs when the electroweak (EW) vacuum is metastable. The
last section V is devoted to the summary and discussions.
II. INFLATIONARY DYNAMICS
In this section, we study the two-field dynamics of the
Higgs and the scalaron during inflation.
A. Action in Jordan/Einstein frame
We start from the following action in the Jordan frame:
S=
∫
d4x
√−gJ
[
M2P
2
(
1+
ξhh2
M2P
)
RJ
+
ξs
4
R2J−
1
2
gµνJ ∂µh∂νh−
λh
4
h4
]
, (1)
where gJµν is the metric (with the “almost-plus” convention),
gJ is the determinant of the metric, RJ is the Ricci scalar, MP
is the reduced Planck mass and h is the Higgs in the unitary
gauge. We add the subscript J for the quantities in the Jordan
frame. We consider only the case
ξs, |ξh|  1. (2)
In particular, we concentrate on the case ξs > 0 since other-
wise there is a tachyonic mode. On the other hand, we do not
specify the signs of ξh and λh. Concerning the sign of λh, the
current measurement of the top and Higgs masses indicates
that it becomes negative at a high energy region, resulting in
the metastable EW vacuum [29–42], although the stable EW
vacuum is also still allowed. In view of this, we consider both
λh > 0 and λh < 0 in this paper.
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2By introducing an auxiliary field s, the action (1) is rewrit-
ten as [6, 43]♠3
S=
∫
d4x
√−gJ
[
M2P
2
(
1+
ξhh2 +ξss
M2P
)
RJ
−ξs
4
s2− 1
2
gµνJ ∂µh∂νh−
λh
4
h4
]
. (3)
Note that the variation with respect to s gives
s= RJ , (4)
and we restore the original action (1) after substituting it to
Eq. (3). The field s corresponds to a spin-zero mode of the
graviton that is dynamical due to the presence of the Ricci
scalar squared term. We call it a “scalaron” in this paper.
First we perform the Weyl transformation to obtain the ac-
tion in the Einstein frame. We define the metric in the Einstein
frame as
gµν =Ω2gJµν , Ω2 = 1+
ξhh2 +ξss
M2P
. (5)
The Ricci scalar is transformed as
RJ =Ω2
[
R+3 lnΩ2− 3
2
gµν∂µ lnΩ2∂ν lnΩ2
]
, (6)
where R and  are the Ricci scalar and the d’Alembert opera-
tor constructed from gµν , respectively. The action now reads
S=
∫
d4x
√−g
[
M2P
2
R− 3M
2
P
4
gµν∂µ lnΩ2∂ν lnΩ2
− g
µν
2Ω2
∂µh∂νh−U(h,s)
]
, (7)
where the potential in the Einstein frame is given by
U(h,s)≡ λhh
4 +ξss2
4Ω4
. (8)
We define a new field φ as
φ
MP
≡
√
3
2
lnΩ2. (9)
It corresponds to the inflaton degree of freedom in our system.
By eliminating s in terms of φ , we finally obtain
S=
∫
d4x
√−g
[
M2P
2
R− 1
2
gµν∂µφ∂νφ
−1
2
e−χgµν∂µh∂νh−U(φ ,h)
]
, (10)
♠3 This choice of the dual description is unique up to the shift and the rescal-
ing of the auxiliary field s. For more details, see App. A.
where the potential now reads
U(φ ,h) =
1
4
e−2χ
[
λhh4 +
M4P
ξs
(
eχ −1− ξhh
2
M2P
)2]
, (11)
and we have defined
χ ≡
√
2
3
φ
MP
. (12)
This is the master action in our system. Note that so far we
have not used any approximation. In the following, we study
the inflationary dynamics of this action in the Einstein frame.
B. Two-field dynamics
Now we study the inflationary dynamics of the action (10).
An analysis for a similar system is performed in Ref. [13],
and we follow that procedure here. The action (10) contains
the kinetic mixing term between φ and h, and hence we define
the following field τ to solve the mixing:
τ ≡ s
h2
. (13)
Note that τ = 0 corresponds to the pure Higgs-inflation, while
τ = ∞ corresponds to the pure R2-inflation. The kinetic terms
now read
Lkin =− 12
(
1+
1
6(ξh+ξsτ)
eχ
eχ −1
)
(∂φ)2
− M
2
P
8
ξ 2s (1− e−χ)
(ξh+ξsτ)3
(∂τ)2 +
MP
2
√
6
ξs
(ξh+ξsτ)2
(∂φ)(∂τ).
(14)
Since we are interested in the inflationary dynamics, we con-
centrate on the case
ξhh2 +ξssM2P, or eχ  1, (15)
in this section. Then, the kinetic terms are approximated as
Lkin =− 12
(
1+
1
6(ξh+ξsτ)
)
(∂φ)2
− M
2
P
8
ξ 2s
(ξh+ξsτ)3
(∂τ)2 +
MP
2
√
6
ξs
(ξh+ξsτ)2
(∂φ)(∂τ).
(16)
Note that τ satisfies
ξh+ξsτ  M
2
P
h2
> 0, (17)
when the condition (15) is satisfied, and hence the kinetic term
of τ has a correct sign. In the following we assume
ξh+ξsτ  1, (18)
3which is true for h . MP.♠4 Then after defining the canoni-
cally normalized field τc as
dτc ≡ ξsMP
2(ξh+ξsτ)3/2
dτ, (19)
the kinetic mixing term between φ and τc is suppressed by
1/
√
ξh+ξsτ . Therefore, to the leading order in it, we can
approximate the kinetic term as
Lkin =−12 (∂φ)
2− M
2
P
8
ξ 2s
(ξhτ2 +ξs)
3 (∂τ)
2 . (20)
There is no kinetic mixing between φ and τ to the zero-th
order in 1/
√
ξh+ξsτ .
Armed with these diagonalized fields, we now study the
structure of the potential, which is expressed as
U(φ ,τ) =
M4P
4
λh+ξsτ2
(ξh+ξsτ)2
[
1− exp
(
−
√
2
3
φ
MP
)]2
. (21)
To the leading order in Eq. (15), its derivative gives
∂U
∂τc
=
−λh+ξhτ
(ξh+ξsτ)3/2
M3P. (22)
Note that we take the derivative with respect to τc, not τ .
Hence the extrema are
τ = ∞, τmin, (23)
where we have defined
τmin ≡ λhξh . (24)
In particular, τ = 0 is not an extremum of the potential. It
means that the pure Higgs-inflation is never realized in our
system, although the pure R2-inflation is possible. Neverthe-
less, there is some parameter region where inflation is caused
mostly by the Higgs as we will see below.
In order to be the inflationary trajectory, these extrema must
be minima of the potential. The second derivative at each ex-
tremum is given by
∂ 2U
∂τ2c
∣∣∣∣
τ=∞
=−ξh
ξs
M2P, (25)
∂ 2U
∂τ2c
∣∣∣∣
τ=τmin
=
2ξh
ξs
M2P. (26)
Note again that we take the derivative with respect to τc, not
τ . Thus, τ = ∞ is the minimum for ξhξs < 0, while τ = τmin
♠4 It might not be true for, e.g. the critical case [44, 45] where ξh ∼ O(10)
since the Higgs field value is of order MP during inflation in that case.
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FIG. 1. Schematic picture of the parameter region in the case (a).
The inflaton is dominated by the scalaron for ξ 2h /λh . ξs (the red
region), while it is dominated by the Higgs for ξ 2h /λh & ξs (the blue
region). The yellow band corresponds to the parameter region con-
sistent with the CMB observation. If ξ 2h /ξs & 4pi (the black region),
the UV theory is non-perturbative so that we might not obtain the
standard model effective theory even below the energy scale of the
inflaton mass. For more details on this point, see Sec. III.
is the minimum for ξhξs > 0. Also, the potential at the mini-
mum must be positive to cause inflation. The potential at each
extremum is given by
U
M4P
∣∣∣∣
τ=∞
=
1
4ξs
, (27)
U
M4P
∣∣∣∣
τ=τmin
=
1
4
(
ξ 2h /λh+ξs
) . (28)
The former is always positive in the case of our interest, while
the latter together with Eq. (18) gives a non-trivial constraint
on the parameters. In fact, Eq. (18) in particular means
ξh+ξsτmin > 0, (29)
and hence we obtain the condition
λhξh > 0, (30)
by combining the requirement that Eq. (28) is positive. Thus,
the trajectory with τ = τmin causes inflation only if ξh > 0 and
λh > 0. Note that we consider only the case ξs > 0.♠5
In summary, there are three cases that are relevant for infla-
tion: (a) ξh > 0, ξs > 0 and λh > 0, (b) ξh < 0, ξs > 0 and
λh > 0, and (c) ξh < 0, ξs > 0 and λh < 0. From now we
mainly concentrate on the case (a) since τ = τmin is the min-
imum only in this case. We briefly comment on the case (b)
in the end of this subsection. The case (c) is also interesting
since it corresponds to the metastable EW vacuum. Hence we
discuss the case (c) in detail in Sec. IV.
♠5 It is sufficient to require only these conditions since Eq. (29) is trivially
satisfied under them.
4Case (a): ξh > 0, ξs > 0 and λh > 0
In this case, the potential minimum for τ is given by
τ = τmin 6= 0, (31)
and hence the inflaton φ is a mixture of the Higgs and the
scalaron. We first assume that τ sits at this minimum during
inflation. Later we will see that this assumption is actually
valid. Recalling that τ = s/h2, for ξh ξsτmin, the inflaton is
dominated by the Higgs, while in the other limit, it is mostly
composed of the scalaron. Thus, the situation is as follows:♠6{
λhξs ξ 2h : Higgs-inflation like,
λhξs ξ 2h : R2-inflation like.
(32)
It is also seen from the potential. The potential for τ = τmin is
given by
U |τ=τmin =
M4P
4
1
ξ 2h /λh+ξs
[
1− exp
(
−
√
2
3
φ
MP
)]2
, (33)
and hence it is the same as the Higgs-inflation for λhξs ξ 2h ,
while the same as the R2-inflation for λhξs  ξ 2h . In the in-
termediate case, the inflaton is a mixture of the Higgs and the
scalaron, which we call a “Higgs scalaron mixed inflation.” In
order to reproduce the normalization of the CMB anisotropy,
the parameters should satisfy [8]
ξ 2h
λh
+ξs ' 2×109. (34)
It is well-known that this type of model is in good agreement
with the spectral index observed by the CMB experiments. In
Fig. 1, we show the schematic picture of the parameter region
in the case (a).
Now we investigate the assumption that τ sits at the min-
imum of its potential during inflation. It is valid if the
mass squared of τc at around the minimum ∼ ξhM2P/ξs (see
Eq. (26)) is much larger than the Hubble parameter squared
during inflation H2inf. The ratio is estimated as
ξhM2P/ξs
H2inf
∼ ξh
ξs
(
ξ 2h
λh
+ξs
)
> ξh 1. (35)
Thus, τ sits at the minimum of its potential during inflation as
long as ξh  1 is satisfied, which is the case of our interest,
and hence we have verified our assumption. It means that the
inflationary dynamics effectively reduces to a single field case,
whose potential is given by Eq. (33).
♠6 A similar condition is obtained for a scale invariant model with an addi-
tional dilaton field in Ref. [46]. It may be reasonable because the theory
is almost scale invariant in our case as long as we consider the inflationary
dynamics. It is also consistent with the rough estimation in Ref. [47].
Case (b): ξh < 0, ξs > 0 and λh > 0
In this case, the potential minimum for τ is
τ = ∞, (36)
and hence inflation is caused solely by the scalaron. Actually,
the potential is given by
U |τ=∞ =
M4P
4ξs
[
1− exp
(
−
√
2
3
φ
MP
)]2
, (37)
which is nothing but the potential of the R2-inflation model. It
is consistent with the CMB for ξs ' 2×109 [8].
C. Numerical confirmation
In this subsection, we perform numerical calculation to
confirm the analysis in the previous subsection. In particu-
lar, we numerically study the case (a), or the Higgs scalaron
mixed inflation case. While some approximations are used
in the previous subsection, we emphasize that we use no ap-
proximation in this subsection. More explicitly, we directly
solve the background equations of motion derived from the
action (10), which read
0 = φ¨ +3Hφ˙ +
e−χ√
6MP
h˙2 +
∂U
∂φ
, (38)
0 = h¨+
(
3H−
√
2
3
φ˙
MP
)
h˙+ eχ
∂U
∂h
, (39)
H˙ =− 1
2M2P
(
φ˙ 2 + e−χ h˙2
)
, (40)
H2 =
1
6M2P
(
φ˙ 2 + e−χ h˙2 +2U
)
, (41)
where the potential is
U(φ ,h) =
1
4
e−2χ
[
λhh4 +
M4P
ξs
(
eχ −1− ξhh
2
M2P
)2]
. (42)
Here we take the background metric in the Einstein frame to
be the Friedmann-Lemaıˆtre-Robertson-Walker (FLRW) one
without spatial curvature, H is the Hubble parameter and the
dots denote the derivatives with respect to the time. For the
convenience of readers, we write down the explicit forms of
the derivatives of the potential:
∂U
∂φ
=
e−2χM3P√
6ξs
[(
1+
ξhh2
M2P
)(
eχ −1− ξhh
2
M2P
)
− λhξsh
4
M4P
]
,
(43)
∂U
∂h
= e−2χ
M2Ph
ξs
[
−ξh
(
eχ −1− ξhh
2
M2P
)
+
λhξsh2
M2P
]
. (44)
Actually, these equations of motion are redundant, and hence
we have used the last one (41) to check the consistency of
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FIG. 2. The time evolution of τ calculated from φ and h. The x-
axis is time in the unit of the Planck mass inverse, and the y-axis is
the values of τ and τmin. The blue line corresponds to our numerical
calculation, while the red dashed line is τmin given in Eq. (24). We
take the parameters as follows. Top: ξs = 5× 108, ξ 2h = 2× 107,
λh = 0.01, φini = 6MP, and hini = 0.01MP (Higgs-inflation like).
Bottom: ξs = 2× 109, ξ 2h = 5× 106, λh = 0.01, φini = 6MP, and
hini = 0.05MP (R2-inflation like). Here φini and hini are the initial
field values of the inflaton and Higgs, respectively. We take the initial
velocities of the fields as zero. τ starts to oscillate when ξhM2Pt
2/ξs∼
1. After hundreds or thousands of oscillations τ eventually settles
down to its potential minimum τmin. Note that it happens within a
few e-foldings because of the inequality (35), and hence τ has almost
no effect on the inflationary dynamics.
our numerical calculation. We have numerically solved the
first three equations of motion, and checked that Eq. (41) is
satisfied at least better than 10−5 level.
In Fig. 2, we show the time evolution of τ . The blue
line corresponds to our numerical calculation, while the red
dashed line is τmin given in Eq. (24). The top panel corre-
sponds to the Higgs-inflation like case, while the bottom one
does to the R2-inflation like case. See the caption for more
details on the parameters and the initial conditions. As we can
see from the figures, after hundreds or thousands of oscilla-
tions τ eventually settles down to its potential minimum. It
happens within a few e-foldings, and hence τ has almost no
effect on the inflationary dynamics at all. This result confirms
our analysis in the previous subsection. In Fig. 3, we also
show the inflationary dynamics in the Higgs-scalaron field
space. The blue line again corresponds to our numerical cal-
culation, while the red dashed line is the φ direction that is
orthogonal to the τ direction. We can see that the fields os-
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FIG. 3. The dynamics of the Higgs and scalaron in the field space.
The x-axis is the Higgs squared h2, and the y-axis is the scalaron
s calculated from φ and h. We take MP = 1 in this plot. The blue
line is our numerical calculation, while the red dashed line is the
direction of φ that is orthogonal to τ . We take the parameters as
follows. Top: ξs = 5×108, ξ 2h = 2×107, λh = 0.01, φini = 6MP, and
hini = 10−2MP (Higgs-inflation like). Bottom: ξs = 2× 109, ξ 2h =
5× 106, λh = 0.01, φini = 6MP, and hini = 0.05MP (R2-inflation
like). Here φini and hini are the initial field values of the inflaton and
Higgs, respectively. We have taken the initial velocities of the fields
as zero. We have followed the inflationary dynamics until MPt =
2×107. The two fields oscillate very frequently in the τ direction at
first, but soon τ settles down to its potential minimum τmin, and the
two field dynamics follows the trajectory of φ , which is expressed by
the red line. For the time evolution of τ , see Fig. 2.
cillate in the τ direction at first, but after τ settles down to
its potential minimum, the system follows the trajectory of φ .
Thus, it is again consistent with our analytical treatment in the
previous subsection. In summary, we have verified that our
analysis in the previous subsection well describes the actual
inflationary dynamics of the present system.
III. CUT-OFF SCALE AND PERTURBATIVITY
In this section, we discuss the cut-off scale and the per-
turbativity of our model at around the vacuum. Note that
6the discussion in this section holds for all the cases (a), (b)
and (c). We start our discussion with the exact action in the
Einstein frame (10). The minimum of the potential (11) is at
(φ , h) = (0, 0), so we expand the action around that point:
S'
∫
d4x
√−g
[
M2P
2
R− 1
2
(∂φ)2− 1
2
(1−χ)(∂h)2
−λUV
4
(1−2χ)h4− m
2
φ
2
φ 2 +
mφ
3
√
2ξs
φ 3
− 7
108ξs
(
1− 3χ
7
)
φ 4 +
ξhmφ√
2ξs
φh2− ξh
2ξs
(
1− 7χ
9
)
φ 2h2
]
,
(45)
where we have defined the Higgs quartic coupling in the origi-
nal ultraviolet (UV) theory and the inflaton mass squared as♠7
λUV ≡ λh+
ξ 2h
ξs
, (46)
m2φ ≡
M2P
3ξs
. (47)
Neglected terms are suppressed by higher powers of MP.
Thus, recalling that χ =
√
2/3 φ/MP, we can see that the
cut-off scale of our model is as high as the Planck scale. It is
in contrast to the case of the Higgs-inflation, where a power
counting argument♠8 suggests that the cut-off scale Λcut;h
at around the vacuum is of O(MP/ξh) [52–56].♠9 Rather,
our model is similar to the case of the R2-inflation. In the
R2-model, the cut-off scale is the Planck scale because the
scalaron is just an auxiliary field in the Jordan frame, and
hence it can absorb the large non-minimal coupling with the
curvature [55, 56]. Similarly in our case, the scalaron absorbs
the large non-minimal couplings ξs and ξh so that it can avoid
the unitarity issue. An interesting point of our model is that,
Higgs can be the dominant component of the inflaton while
keeping the cut-off to be the Planck scale.
Still, there is a constraint on the parameters if we require the
theory to be perturbative. In order to see this, let us keep only
♠7 Although λUV is shifted due to the mixing between φ and h, it does not
help to stabilize the EW vacuum for λh < 0. This is because the CMB
observation fixes mφ ∼ 1013 GeV, which is much higher than the instability
scale of the Higgs potential [48, 49]. Note that inflation is dominated by
the scalaron for λh < 0, and hence mφ is fixed.
♠8 Analysis beyond the power counting might change the situation [50, 51].
♠9 It does not necessarily mean an inconsistency of the Higgs-inflation dur-
ing inflation [57] although the unitarity can be broken during the inflaton
oscillation epoch [58]. See, e.g. Refs. [47, 59, 60] for construction of a UV
completed model and also Refs. [61, 62] for the discussion of UV effects
on the Higgs-inflation.
the renormalizable terms in the action at around the vacuum:
S'
∫
d4x
√−g
[
M2P
2
R− 1
2
(∂φ)2− 1
2
(∂h)2
−λUV
4
h4− m
2
φ
2
φ 2 +
mφ
3
√
2ξs
φ 3
− 7
108ξs
φ 4 +
ξhmφ√
2ξs
φh2− ξh
2ξs
φ 2h2
]
. (48)
The Higgs quartic coupling in our system is λUV, and hence it
should be smaller than ∼ 4pi for the theory to be perturbative.
Thus, we may require the following condition:♠10
ξ 2h
ξs
. 4pi, (49)
otherwise it is unreasonable to use the tree-level potential such
as Eq. (48). It means that the theory with non-zero ξs is qual-
itatively different from that with ξs = 0 even if we take the
limit ξs → 0 because of the presence of the scalaron. Once
we have the scalaron degree of freedom, we need Eq. (49) to
keep the theory perturbative at around the vacuum, while there
is no such a constraint if ξs = 0 from the beginning. It might
be interesting to see that Eq. (49) requires the inflaton mass as
m2φ .
M2P
ξ 2h
∼ Λ2cut;h, (50)
where the right-hand-side is the cut-off scale of the Higgs in-
flation model at around the vacuum. Since we consider the
case |ξh|  1, the inflaton-Higgs quartic coupling is always in
the perturbative region once Eq. (49) is satisfied.
We should note that the perturbativity of our system is im-
portant to safely obtain the SM at the energy scale below mφ .
In order to see this point, we now derive the infrared (IR) the-
ory from our system (or the UV theory) below the energy scale
of mφ . We may define the IR theory as
SIR =
∫
d4x
√−g
[
M2P
2
R− 1
2
(∂h)2− λIR
4
h4
]
. (51)
Then, λIR may be determined by matching, e.g. the scattering
process hh→ hh in the IR and UV theories.♠11 If the UV
and IR theories are perturbative, we may obtain λIR = λh by
comparing the tree level processes in the IR and UV theories.
For more details on this point, see App. B. Thus, the IR theory
is nothing but the SM with the Higgs quartic coupling given
by λh. If the UV theory is strongly coupled, however, the
tree-level matching does not make sense. We need to sum an
infinite numbers of diagrams to calculate the scattering, which
is a complicated task. Moreover, it is even non-trivial whether
the Higgs remains as an asymptotic state, and the IR theory
might be totally different from the one described by Eq. (51).
Therefore it is at least secure to consider only the parameter
region ξ 2h /ξs . 4pi .
♠10 We implicitly assume |λh|. O(0.1).
♠11 We consider only the degrees of freedom of h and φ for simplicity.
7IV. METASTABLE ELECTROWEAK VACUUM
In this section, we discuss the two-field dynamics of our
system in the case (c): ξh < 0, ξs > 0 and λh < 0. It corre-
sponds to the case of the metastable EW vacuum. Note that
the current measurement of the top and Higgs masses actu-
ally indicates that the Higgs quartic coupling becomes nega-
tive at a high energy region, resulting in the metastable EW
vacuum [29–42].
We now study the dynamics of the Higgs during and after
inflation. During inflation, the potential minimum for τ is
τ = ∞, (52)
and hence it corresponds to the usual R2-inflation. In this case,
as long as |ξh|  1, the Higgs stays at h = 0 during infla-
tion since τ is heavy enough (see Eq. (25)). It is nothing but
the stabilization mechanism discussed, e.g. in Refs. [35, 63–
66]. It is well-known that the EW vacuum metastability has
some tension with high-scale inflation models including the
R2-inflation if there is no coupling between the inflaton and
the Higgs sectors [35, 65, 67–72]. However, once we intro-
duce couplings between the inflaton and/or the Ricci scalar
and the Higgs, the EW vacuum is stabilized during infla-
tion since they induce an effective mass of the Higgs. Here
we have explicitly shown that such a stabilization mechanism
does work for the R2-inflation model.
After inflation, however, resonant Higgs production typi-
cally occurs due to the inflaton oscillation, and hence the EW
vacuum may be destabilized during the preheating epoch [73–
77]. Here we consider the dynamics of the Higgs after infla-
tion in our system. Soon after inflation ends, the φ 3 and φ 4
terms as well as the Planck suppressed terms become neg-
ligible due to the cosmic expansion. In the same way, the
Higgs-inflaton quartic coupling becomes less important than
the Higgs-inflaton trilinear coupling. Therefore we may ap-
proximate the action as
S'
∫
d4x
√−g
[
M2P
2
R− 1
2
(∂φ)2− 1
2
(∂h)2
−λUV
4
h4− m
2
φ
2
φ 2 +
ξhmφ√
2ξs
φh2
]
. (53)
There are two cases depending on the sign of λUV. If
λUV is negative, or ξ 2h < |λh|ξs, this system is studied in
Ref. [76, 77].♠12 In this case, the so-called tachyonic preheat-
ing occurs since the effective mass squared of the Higgs oscil-
lates between positive and negative values [78]. As a result,
the EW vacuum is destabilized during the preheating epoch if
the trilinear coupling satisfies [76, 77]∣∣∣∣∣ξhmφ√ξs
∣∣∣∣∣& O(10)× m2φMP . (54)
♠12 Actually in that study they also include the positive Higgs-inflaton quar-
tic coupling, but the trilinear coupling eventually becomes more important
than the quartic coupling, so we can safely apply their result to our system.
In order to prevent such a catastrophe, ξh must satisfy
|ξh|. O(10). (55)
Note that the Higgs-inflaton quartic coupling makes things
even worse in our case since it contributes negatively to the
effective mass squared of the Higgs for ξh < 0.
If λUV is positive, or ξ 2h > |λh|ξs, the situation is more
complicated. The direction φ = 0 considered in Refs. [73–
77] is absolutely stable in this case. Nevertheless, the poten-
tial has an unstable direction φ = ξhh2/MP (or more precisely
eχ − 1 = ξhh2/MP) since λh is negative. Fluctuations in this
direction might be enhanced since the inflaton inevitably cou-
ples to this direction. Hence it might be possible that the EW
vacuum is destabilized even in this case for large enough |ξh|,
although we leave a detailed study as a future work.
V. SUMMARY AND DISCUSSIONS
In this paper, we have considered the inflationary dynamics
of a system with the non-minimal coupling between the Higgs
and the Ricci scalar ξhh2R as well as the Ricci scalar squared
term ξsR2. In such a system, there are two scalar degrees of
freedom, i.e. the Higgs and the scalar part of the metric, or the
scalaron. We have shown that inflation successfully occurs
in the following three cases: (a) ξh > 0, ξs > 0 and λh > 0,
(b) ξh < 0, ξs > 0 and λh > 0, and (c) ξh < 0, ξs > 0 and
λh < 0, where λh is the Higgs quartic coupling in the Jordan
frame. We have seen that in every case the inflationary dynam-
ics effectively reduces to a single field one since the direction
orthogonal to the inflaton is heavy enough for |ξh| 1. In par-
ticular, in the case (a), the inflaton is a mixture of the Higgs
and the scalaron, which we call a Higgs scalaron mixed infla-
tion. The inflaton potential in this case is given by
U =
M4P
4
1
ξ 2h /λh+ξs
[
1− exp
(
−
√
2
3
φ
MP
)]2
, (56)
where φ is the inflaton and MP is the reduced Planck mass,
and hence it is consistent well with the CMB observation as
long as ξ 2h /λh+ξs ' 2×109.
We have also addressed the unitarity structure of our sys-
tem at around the vacuum, and found that the cut-off scale
is as large as the Planck scale. This is in contrast to the
Higgs-inflation where the cut-off scale at around the vacuum
is MP/ξhMP. Rather, it is similar to the R2-inflation. Still,
the parameters must satisfy ξ 2h /ξs . 4pi if we require the per-
turbativity of our system, and hence the inflaton mass should
be less than ∼MP/ξh.
Finally we have briefly discussed the implications of the
metastable EW vacuum to the R2-inflation. We have explic-
itly shown that if |ξh|  1, the EW vacuum is not destabilized
during inflation albeit it is metastable. Still, however, it is
possible that the EW vacuum is destabilized during the infla-
ton oscillation epoch due to a resonant enhancement of the
Higgs quanta. In order to avoid such a catastrophe, we might
require |ξh| . O(10), although the situation is unclear when
8|ξh| is large enough so that ξ 2h & |λh|ξs. It may be interesting
to study further on this respect.
We have several remarks. First of all, although we have
mainly concentrated on the inflationary dynamics in this pa-
per, the (p)reheating dynamics after inflation is also impor-
tant. The inflationary predictions of our system depend on the
reheating temperature thorough the number of e-foldings. Ac-
tually, it is the dynamics after inflation that makes the differ-
ences of the inflationary predictions between the Higgs- and
R2-inflation [79]. We leave a detailed study of the reheating
dynamics as a future work.
Related to the reheating dynamics, we point out the differ-
ence of our system to the Higgs inflation during the inflaton
oscillation epoch. In general, if there is a large non-minimal
coupling between the inflaton and the Ricci scalar (without
a scalaron) as in the Higgs-inflation, the inflaton dynamics
shows a peculiar behavior called a “spike”-like feature dur-
ing the inflaton oscillation epoch [58, 80–82], which was not
taken into account in the previous studies [83, 84].♠13 In the
Jordan frame, this is because the kinetic term of the inflaton
(or the Higgs) suddenly changes when the inflaton passes the
points |φ | ∼ MP/ξh, which has some influence even in the
Einstein frame. In particular, if the inflaton is gauge-charged
such as the Higgs, longitudinal gauge bosons with extremely
high-momentum ∼
√
λhMP are efficiently produced at the
first oscillation so that the unitarity may be violated [58].
Here it is essential to note that the longitudinal gauge bo-
son mass is different from the transverse gauge boson one if
the symmetry breaking field (the Higgs in our case) is time-
dependent [58, 85, 86]. In our case with the scalaron, how-
ever, such a violent phenomena does not occur thanks to the
presence of the scalaron. Thus, we can trust our system from
inflation until the present universe.
It is also valuable to note that some Higgs condensation is
unavoidably produced in the Higgs scalaron mixed inflation
case even if the Higgs is sub-dominant. The amplitude of the
Higgs condensation at the beginning of the inflaton oscilla-
tion is estimated for the Higgs sub-dominant case as follows.
During inflation, the ratio s/h2 is fixed to be λh/ξh, and hence
exp
(√
2
3
φ
MP
)
−1 = ξhh
2 +ξss
M2P
' λhξs
ξh
h2
M2P
. (57)
The left-hand-side is of order unity at the beginning of the
inflaton oscillation, and thus the amplitude of the Higgs con-
densation at that time is estimated as
hosc ∼
√
ξh
λhξs
MP ∼ 10−5
√
ξh
λh
MP, (58)
where we substitute ξs ' 2× 109 from the CMB observation
in the last similarity. Although the dynamics of the Higgs
♠13 Actually there is a comment on the energy scale ∼
√
λhMP related to this
spike-like feature in Sec. 3.4 in Ref. [83]. Nevertheless, possible effects on
the preheating dynamics are underestimated there.
condensation after inflation is non-trivial due to the couplings
to the inflaton, it might have some phenomenological con-
sequences such as the spontaneous leptogenesis [87] and the
gravitational wave [88, 89]. Note that in our case the Higgs
has no isocurvature perturbation as opposed to the case con-
sidered in Refs [90–93] since τ is massive during inflation.
Note Added: While finalizing this paper, another paper [94]
was submitted to the arXiv that calculated the curvature per-
turbation in the same system.
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Appendix A: Redundancy of dual description
In this appendix, we comment on redundancy of dual de-
scription of Eq. (1). Instead of Eq. (3), we may consider the
following action:
S=
∫
d4x
√−gJ
[
M2P
2
(
1+
ξ ′hh
2 +ξ ′ss
M2P
)
RJ
−ξ
′′
s
4
s2− λsh
2
sh2− 1
2
gµνJ ∂µh∂νh−
λ ′h
4
h4
]
,
(A1)
where the parameters ξ ′h, ξ
′
s , ξ ′′s and λ ′h are in general different
from ξh, ξs and λh. As long as they satisfy
ξ ′h−
ξ ′s
ξ ′′s
λsh = ξh,
ξ ′2s
ξ ′′s
= ξs, λ ′h−
λ 2sh
ξ ′′s
= λh, (A2)
the action (A1) reproduces Eq. (1) after integrating out the
scalaron s, and hence they are actually redundant. This re-
dundancy corresponds to the shift and the rescaling of the
scalaron s, and the physics does not depend on this ambigu-
ity of the dual description. We can also see this in the Ein-
stein frame. By following the same procedure we obtained
Eq. (10), we can show that the Einstein frame action obtained
from Eq. (A1) is exactly Eq. (10) thanks to Eq. (A2). In the
main text, we have chosen the parameters as
ξ ′h = ξh, ξ
′
s = ξ
′′
s = ξs, λsh = 0, λ
′
h = λh, (A3)
which of course satisfy Eq. (A2).
Appendix B: Matching
In this appendix, we explain how to obtain the relation
λIR = λh. In order to express the coupling in the IR theory
9h h
h h
 IR
IR
 
h
h h
h
 
h
h h
h
 
h h
h h
hh
hh
UV
 UV
FIG. 4. The Feynman diagrams that contribute to the scattering
process hh→ hh at the tree level in the IR theory (left) and the UV
theory (right), respectively.
in terms of those in the UV theory, we may compare the tree-
level scattering amplitude of the process hh→ hh. The cor-
responding diagrams in the IR and UV theories are shown in
Fig. 4. In the IR theory, the tree-level amplitude is given by
iMIR =−6iλIR, (B1)
where the numerical factor comes from the permutation of the
external Higgs particles. In the UV theory, it is given by
iMUV =−6iλUV−
2ξ 2hm
2
φ
ξs
(
i
s−m2φ
+
i
t−m2φ
+
i
u−m2φ
)
'−6i
(
λUV− ξ
2
h
ξs
)
+O
(
k2
m2φ
)
, (B2)
where the second term comes from the inflaton-Higgs trilinear
coupling with s, t and u being the Mandelstam variables. In the
last line, we have taken only leading order terms in O(k2/m2φ )
with k being the typical momentum of the scattering. Thus,
by matching the scattering amplitude, we obtain
λIR = λUV− ξ
2
h
ξs
= λh. (B3)
Note that this procedure is reasonable only when the IR and
UV theories are perturbative.
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